Following artificial insemination, the egg-laying rate of a large-scale breeder chicken flock declined by10-15 %. Real-time quantitative polymerase chain reaction (qPCR) analysis detected the presence of reticuloendotheliosis virus (REV) in semen from the breeder cocks used. Six REV strains were successfully isolated from semen randomly extracted from those cocks. Additionally, the whole sequence of SDAUR-S1 was sequenced and analysed. Cock models with continuous production of REV-positive semen were established by intravenous injection with SDAUR-S1. Eggs were then collected from hens after artificial insemination with REV-positive semen, for virus detection. The positive REV antibody rate for egg albumen was 58.3 % and the REV-positive rate for hatched embryos was 8.3 %, which suggested not only that REV can infect cock semen, but can also infect the offspring. In conclusion, the present study is the first to report on the isolation, genome analysis and transmission of REV in cock semen.
The first member of the reticuloendotheliosis virus (REV) group, including several closely related amphotropic avian retroviruses (family Retroviridae) [1] , was isolated from a turkey in 1957 [2] . Subsequently, these were reported in a diverse range of hosts including chicken [3] , duck [4] , geese [5] , turkey [6] and wild birds [7] . Meanwhile, the extremely low genetic diversity observed among all avian REV isolates and sequences indicates a very recent origin for REV in birds [8] . Indeed, historical, phylogenetic and palaeovirological evidence totally supports a scenario wherein REVs originated as mammalian retroviruses (e.g. type C retroviruses) that were iatrogenically introduced into avian hosts [9] . Subsequently, these integrated into the fowlpox virus [10, 11] and gallid herpesvirus-2 [12] genomes, and generated the recombinant DNA viruses that now circulate in wild birds and poultry. Although, according to previous serological studies [13] [14] [15] [16] [17] , antibodies to REV are widespread in poultry, the aetiology of REV infection remains elusive [18] .
REV infection causes a series of pathological syndromes, including the fatal haemangioblastoma, severe growth inhibition and chronic tumour formation in lymphatic tissue [18] , but egg dropping resulting from this has rarely been reported. In the second half of 2016, the egg-laying rate of a large-scale breeder chicken flock rapidly declined by 10-15% following artificial insemination (production data from personal communication with industrial scientists), but this phenomenon disappeared when the semen in use (gathered from breeder cocks kept separately, which may havebeen infected by REV-contaminated vaccine) was replaced with specific pathogen-free (SPF) cock semen; we thus suspected the presence of exogenous virus in the previous cock semen.
Analysis by real-time fluorescence quantification polymerase chain reaction (qPCR) of pathogens of commonly encountered viruses, including avian leukosis virus [19] , fowl adenovirus [20] , chicken infectious anaemia virus [21] and REV [22] , only detected the REV-positive of the cock semen. For virus isolation, six aseptic semen specimens randomly extracted from the REV-positive cocks were diluted four times with normal saline (100 µ of penicillin per ml and 100 µg of streptomycin per ml) and inoculated on monolayers of DF-1 chicken fibroblast cell line maintained in our laboratory (American Type Culture Collection, Manassas, VA), which were cultured in Dulbecco's modified Eagle's medium (DMEM; Invitrogen, Shanghai, China) supplemented with 12 % fetal bovine serum (FBS; Invitrogen) at 37 C in a 5 % CO 2 incubator. The DF-1 cells were passaged for two generations and the supernatant was collected and determined to be REV-positive only by testing again for commonly encountered diseases. Eventually, six REV strains, named as SDAUR-S1-SDAUR-S6, were successfully isolated and then conserved at À80 C. Also, the titre of REVpositive supernatant was 10 3.2 TCID 50 /100 µl by the ReedMuench method as previously described [23] . Indirect immunofluorescence assay (IFA) of DF-1 cells in 24-well culture plates infected with 1000TCID 50 SDAUR-S1 was performed using the REV monoclonal antibody (mAb) 11B118 maintained in our laboratory [24] . The specific green fluorescence was clearly observed in the positive cells rather than the negative cells (Fig. 1a) ; the fluorescent cells showed clear contours with a stained cytoplasm and were clearly distinguishable from background staining. All the above results demonstrated that REV can infect cock semen, which may be a key method in its epidemic spread, and this has never previously been reported.
Considering the genetic diversity of retroviruses, we had a doubt were unsure whether the potential for REV to infect cock semen resulted from genetic mutation or recombination. Thus, we sequenced and analysed the genome of SDAUR-S1 according to our previous study [23] . However, what is not consistent with our assumption is that the length of the whole-genome sequence of SDAUR-S1 is 8470 nt (GenBank accession number MF185397) and the results of the sequence homology comparison using MegAlign (DNASTAR, version 7.01, software suite) suggested that the sequence identity between the SDAUR-S1 whole genome and the reference strains (Table S1 , available in the online version of this article) varied from 94.4 to 99.8 % (Table 1) . Additionally, the SDAUR-S1 strain shared the highest level of nucleotide sequence identity with the SNV strain (99.2 %), which was isolated from an American duck. These results again demonstrated the conservative characteristic of the REV genome, which also showed that the existence of REV in cock semen may not have resulted from violent gene variation but rather a natural event occurring within it.
For the establishment of cock models producing continuous REV-positive semen, twelve 200-day-old SPF cocks (SPA-FAS poultry company, Jinan, China) were injected intravenously with 5000 TCID 50 of SDAUR-S1 and bred in shielded cages with positive-pressure filtered air, and twelve 200-day-old SPF cocks injected intravenously with normal saline were used as control. Semen was collected from each cock at 1-6 weeks post infection for virus identification, and four cocks in the experimental group were found to produce REV-positive semen 1-3 weeks after infection. The existence of REV for such a long period of time, arising from artificially induced viraemia, in cock semen may be associated with the absence of REV antibody there due to the blood-testis barrier, which is similar to what occurs in humans in the case of human immunodeficiency virus (HIV) infection [25] .
Twelve 200-day-old SPF hens were artificially inseminated with REV-positive semen and bred in shielded cages with positive-pressure filtered air, and twelve 200-day-old SPF hens were artificially inseminated with tSPF semen as control; inseminations were repeated an average of three times over three weeks. Anticoagulation, cloacal cotton swabs and sera samples were collected from all hens for virus isolation and detection of the REV antibody using an enzyme-linked immunosorbent assay kit (IDEXX Laboratories, Westbrook, ME). As shown in Table 2 , REV antibody immunoreactivity in sectional hens was detected at 2-5 weeks after insemination, while in cloacal cotton swabs from most hens REV was detected by virus isolation from the first to the fourth week during insemination, which revealed the long-term occurrence of REV in the cloaca. However, no detectable viraemia appeared in those hens, for two possible reasons. On the one hand, most hens were not actually infected by REV from cock semen, so they simultaneously remained viraemia-negative and antibody-negative, while the REV preasent in their cloacae was simply a mechanical attachment. On the other hand, sectional hens with a strong immune system at the age of 200 days were surely infected by lowdose REV from cock semen under certain conditions, but the viraemia disappeared rapidly with the consequent presence of antibody, and thus we were not able to isolate REV in those infected hens. A similar situation was also shown to occur in ducks [26] , persistent viraemia appearing only in those infected with REV during the embryonic or neonatal period. In contrast, infection at 21 days of age resulted in extremely transient viraemia, which was terminated concurrently with the development of the REV antibody. Nevertheless, all the above results suggest that a small number of hens were infected with REV through artificial insemination, and that they mounted a rapid, specific humoral immune response. Regarding whether birds were infected or not, the long-term REV-positive state of the cloaca may result in a recurrent REV invasion status, as well as a secondary stress reaction, which could decrease the egg-laying rate and even contaminate hatching eggs during the egg-laying process.
Twenty-four eggs were collected during the artificial insemination period, in order to detect the presence of the REV antibody in egg albumen, and another 24 eggs were hatched to 10 days to isolate primary chicken embryo fibroblast cells, which were used to detect the presence of REV by the IFA, after two passages of the cells. Ultimately, two chicken embryos were determined to be REV-positive. Such a low infection rate (2/24) of the hatched embryo may have resulted from the following two possibilities. First, the egg yolk antibody level of each egg was distinct, as the REV antibody was detected in the albumen of 14 of 24 eggs (58.3 %), and thus we suspected that REV could survive only in eggs with no egg yolk antibody. Second, according to studies on HIV [27] , because there are differences among viral infections in different individuals, some embryos may survive the viral infection. Nevertheless, all the above evidence proved that offspring chicks could be infected with REV originating from either infected hens or REV-positive cloacae, congenitally after their mothers had been artificial inseminated with REV-positive semen, which demonstrated the transmission of REV from cock to chick. Although the REV-positive rate of chicks is low, it could infect other concurrently hatched chicks by acting as a source of REV thereby cause huge economic losses.
In conclusion, this study is the first report on the isolation, identification and transmission of REV from cock semen, the study was conducted to demonstrate the harm caused by REV-positive cock semen, especially in regard to the extensive use of artificial insemination. Our findings indicate that it is vital to detect aetiological pathogens such as REV in cock semen, in seeking the eradication of vertically transmitted virus, rather than merely focusing on hens or chicks.
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